Introduction {#Sec1}
============

Alpha-synuclein (α-SYN) is considered to be a key player in Parkinson's Disease (PD) and other neurodegenerative disorders like dementia with Lewy bodies (DLB) and multiple system atrophy (MSA) called together synucleinopathies \[[@CR1]--[@CR3]\]. Alpha-SYN deposits, called Lewy bodies (LB) in neurons or glial cytoplasmic inclusions (GCI) in oligodendrocytes are the main pathological hallmark of this group of diseases \[[@CR1], [@CR2], [@CR4]\]. Since the discovery of α-SYN more than 30 years ago both the physiological and pathological role of this protein has been widely studied, nevertheless, many questions remain unanswered \[[@CR1], [@CR5], [@CR6]\]. One important physiological function attributed to α-SYN is the chaperone function in the formation of the SNARE complex \[[@CR7]--[@CR10]\]. Supporting this hypothesis, mice lacking α-SYN have abnormal synaptic structure, transmission and age-dependent neuronal dysfunction \[[@CR11]\]. Furthermore, overexpression of α-SYN has been shown to affect vesicle recycling \[[@CR12], [@CR13]\].

Alpha-SYN exists in different conformations. The precise conformation of α-SYN in physiological conditions has been heavily debated \[[@CR14]--[@CR16]\]. In pathological conditions, monomers aggregate into β-sheet-containing fibrillar forms probably via oligomeric intermediate species. Which of these species is most toxic for the cell is still argued \[[@CR17]--[@CR20]\]. Recently, different recombinant fibrillar forms of α-SYN or 'strains' displaying distinct phenotypic properties have been produced and extensively characterized in vitro as well as in vivo \[[@CR3], [@CR21]\]. This suggests that these distinct fibrillar forms of α-SYN could be involved in the development of different synucleinopathies, all characterized by the aggregation of one single protein, α-SYN \[[@CR22], [@CR23]\]. Next to the structural conformation of α-SYN, post-translational modifications such as phosphorylation of α-SYN at serine129 (P-S129 α-SYN) are pathological makers in PD. However, how this phosphorylation alters the aggregation and toxicity inducing properties of α-SYN, is still debated \[[@CR24]--[@CR26]\]. Extracellular transmission or spreading of α-SYN was suggested for the first time when the presence of LB pathology was observed in the brain of patients with embryonic cell transplantation \[[@CR27], [@CR28]\]. This cell-to-cell spreading supports Braak's hypothesis, staging disease progression based on the topographical spreading of LB pathology throughout the brain \[[@CR29]--[@CR31]\]. These findings were further supported using cell culture and as well as in vivo models \[[@CR32], [@CR33]\].

Synaptic deficits in the dopaminergic synapses have also been linked to PD pathogenesis. On the one hand, there is ample evidence for a physiological role of multimeric α-SYN at the synapse, where it is enriched \[[@CR7], [@CR34]\]. On the other hand, fibrillar pathogenic forms of α-SYN seem to inhibit the formation of the SNARE complex, as opposed to physiological forms of α-SYN \[[@CR35]\]. In PD patients, proteomic analysis of cerebrospinal fluids found a distinct expression pattern of synaptic proteins between PD patients and controls \[[@CR36]--[@CR38]\]. In α-SYN overexpression animal models, mainly changes in dopamine (DA) transmission are reported consisting of both a reduction in DA re-uptake and DA release \[[@CR39], [@CR40]\]. Furthermore, a reduction in the number of dopaminergic synapses as well as depletion of synaptic vesicles are described after α-SYN overexpression in the substantia nigra (SN) dopaminergic neurons (DN) \[[@CR13]\]. Electrophysiological recordings indicate an increase in pacemaking activity specifically in SN DN after α-SYN overexpression \[[@CR41]\]. Dopaminergic signaling in the striatum (STR) is key to proper motor control which is severely impaired in PD. DA denervation in the STR causes a disruption of the modulatory role of DA in the tripartite synapses formed between glutamatergic neurons and medium spiny neurons (MSN) \[[@CR42], [@CR43]\]. These non-DA cell types are shown to have a 30--50% decrease in dendritic spines and conversely, an increased activity in the corticostriatal system in parkinsonian models \[[@CR44], [@CR45]\]. However, how these changes in both dopaminergic as well as glutamatergic synapses affect α-SYN pathology, spreading and synaptic function remains unclear.

In this study, we aimed to investigate the link between neuronal activity and α-SYN pathology. Using a well-characterized rat model for PD, based on viral vector-mediated overexpression of α-SYN in the SN \[[@CR46]\], we opted to chronically modulate neuronal activity and study the effect on α-SYN pathology, spreading and neurotoxicity. To modulate the neuronal activity in vivo, we used Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) technology \[[@CR47]\]. These are G-protein coupled receptors (GPCRs), which are selectively activated by an inert compound clozapine-N-oxide (CNO). Several types of DREADDs are currently available and differ in the GPCR cascades they activate \[[@CR48]\]. This technique is now broadly used in the field of neuroscience. The non-invasive activation of neuronal populations and the longer lasting effect is of added value compared to optogenetics. In our study, we expressed the transgenes in our target population using adeno-associated viral vectors and made use of hM3Dq, which activates a Gq cascade resulting in increased neuronal activity. The hM3Dq is the most commonly used DREADD receptor to activate neuronal populations \[[@CR49]\]. First, we thoroughly validated neuromodulation of nigral DN in the rat brain. Second, we applied this technology in our α-SYN-based PD model. We found that chronic neuronal activation aggravates α-SYN induced motor deficits in vivo. Further, we found that chronic neuronal activation increases soluble α-SYN levels in the STR and induces changes in synaptic proteins.

Materials and methods {#Sec2}
=====================

Recombinant AAV production and purification {#Sec3}
-------------------------------------------

Vector production and purification was performed as previously described \[[@CR50]\]. For the α-SYN and GFP vectors, the plasmids include: the constructs for the rAAV2/7 serotype, the AAV transfer plasmid encoding the human A53T mutant α-SYN or the enhanced green fluorescent protein (eGFP) under the control of the CMVie-enhanced synapsin1 promoter and the pAdvDeltaF6 adenoviral helper plasmid. For the DREADD vector, plasmids include: the constructs for the AAV2/8 serotype, the hM3Dq-mCherry (hM3Dq plasmid was based on pAAV-hSyn-DIO-hM3D(Gq)-mCherry, gift from Bryan Roth (Addgene plasmid \# 44361; <http://n2t.net/addgene:44361>; RRID:Addgene_44,361)) \[[@CR47]\] or mCherry transgene under control of the mouse CamKII promoter as well as the pAdvDeltaF6 adenoviral helper plasmid. Real-time polymerase chain reaction analysis was used for genome copy (GC) determination.

rAAV vector injection and CNO treatment {#Sec4}
---------------------------------------

All animal experiments were carried out in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC) and approved by the Bioethical Committee of the KU Leuven (Belgium) (ECD project 2017--070). Young adult female Wistar rats (Janvier, France) weighing about 200 to 250 g were housed under a normal 12-h light/dark cycle with free access to pelleted food and tap water. All surgical procedures were performed using aseptic techniques and ketamine (60 mg/kg intraperitoneal \[i.p.\], Ketalar, Pfizer, Belgium) and medetomidine (0.4 mg/kg, Dormitor, Pfizer) anesthesia. Following anesthesia, the rodents were placed in a stereotactic head frame (Stoelting, IL, USA). Injections were performed with a 30-gauge needle and a 10 μL Hamilton syringe. Animals were injected with 3 μL of the desired vector combination. Vectors were diluted and normalized to each other. The rAAV2/7 vector encoding A53T α-SYN or eGFP was normalized to 9.0E11 GC/mL and rAAV2/8 vector encoding for either hMD3q-mCherry or mCherry was normalized to 3E10 GC/mL. When 2 viral vectors were injected together, they were injected simultaneously in a total volume of 3 μL containing the 2 vectors at the final concentrations cited above. Stereotactic coordinates used for the SN were anteroposterior, − 5.3; lateral, − 2.0; and dorsoventral, − 7.2 calculated from the dura using bregma as reference. The injection rate was 0.25 μL/min and the needle was left in place for an additional 5 min before being retracted. One week after stereotactic injection, we started the chronic stimulation by administering daily (5 days a week) Clozapine-N-Oxide (CNO) dihydrochloride (1 mg/kg diluted in saline, i.p., catalog \#6329; Tocris Bioscience). Animals were sacrificed after behavioral analysis 4 or 12 weeks post-stereotactic injection.

Rotarod test {#Sec5}
------------

The motor performance was assessed using mouse/rat Rotarod Treadmill (IITC Life Science, Woodland Hills, CA, USA). First, the animals were trained one week before the test was performed on 3 non-consecutive days. The training consisted of 3 trials of 4 min with at least 5 min of rest between the trials with an initial constant speed of 4 rpm; after 2 min, the rotational speed of the test was increased to 12 rpm. After this initial training, the rats were subjected to the test using an increasing speed from 4 to 40 rpm over a 100-s period, and the latency to fall was recorded.

Cylinder test {#Sec6}
-------------

The cylinder test was used to quantify forelimb use. Contacts made by each forepaw with the wall of 20-cm-wide clear glass cylinder were scored from the videotapes by an observer blinded to the animal's identity. A total of 30 contacts (with fully extended digits executed with both forelimbs) were recorded for each animal. The number of impaired forelimb contacts was expressed as a percentage of total forelimb contacts. Non-lesioned control rats should score around 50% in this test.

Electrophysiological recordings {#Sec7}
-------------------------------

Electrophysiological recordings were performed on acute brain slices from adult (10--12 weeks) female Wistar rats, 2 to 4 weeks after stereotactic vector injection (rAAV2/8 hM3Dq-mCherry vector or rAAV2/8 mCherry vector). Animals were anesthetized with isoflurane and decapitated using a guillotine. The brain was rapidly extracted and placed in ice-cold carboxygenated (95% O~2~ and 5% CO~2~) artificial cerebrospinal fluid (C-aCSF) cutting medium containing (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH~2~PO~4~, 1.2 MgCl~2~, 2.4 CaCl~2~, 21.4 NaHCO~3~, 11.1 D-Glucose, and 1.25 kynurenic acid. The brains were mounted on a vibrating microtome (Leica VT1200S). Horizontal slices (150 μm) containing the substantia nigra pars compacta (SNpc) were collected and allowed to recover for at least 1 h at 35--36 °C in continuously carboxygenated C-aCSF. After recovery, slices were held in a recording chamber, maintained at 35--36 °C and perfused at a rate of 1.5--2 mL/min with carboxygenated aCSF containing (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH~2~PO~4~, 1.2 MgCl~2~, 2.4 CaCl~2~, 21.4 NaHCO~3~, and 11.1 D-Glucose. Identification of putative DN in the SNpc was performed visually as large neurons near the medial terminal nucleus of the accessory optic tract. In addition, the following electrophysiological properties were checked to be qualified as DA neuron: spontaneous pacemaker firing between 1 and 5 Hz and wide extracellular spike waveforms. Spontaneous pacemaker firing was recorded as capacitive currents using the loose cell attached method described by Branch and Beckstead \[[@CR51]\]. Recording borosilicate-glass pipettes (Hilgenberg), with a resistance of 3.5--5 MΩ, were made with a P-1000 puller (Sutter Instrument) and filled with a Na-HEPES-based solution (plus 20 mM NaCl, 290 mOsm, pH 7.40). Once the cell was identified, basal activity was recorded for 5 min. Thereafter effects of bath-applied CNO (40 μM) on DN pacemaking activity was determined for another 5 min. Analysis of frequency was calculated for a time frame of 2 min. In basal condition we took the last 2 min of recordings, while for the CNO condition we started 2 min after CNO administration. All recordings were acquired with Axopatch 200B amplifier (Clampex 10.0 software, Molecular Devices). Data was analyzed using pClamp software package (Axon Instruments), version 9.2.

Immunohistochemical stainings {#Sec8}
-----------------------------

For histological analysis, we sacrificed the rats with sodium pentobarbital (200 mg/kg, i.p., Dolethal, Vetoquinol, Belgium). Intracardial perfusion with saline was followed by 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). After post-fixation overnight in 4% PFA, 50 μm-thick coronal brain sections were made with a vibrating microtome (HM 650 V, Microm, Germany). Prior immunostaining, antigen retrieval was performed using citrate buffer at 80 °C for 30 min followed by 20 min on ice. Immunohistochemistry (IHC) was performed on free-floating sections. Blocking was done in PBS-0.1% triton X-100, 10% goat serum for 30 min. Primary antibodies against tyrosine hydroxylase (TH, AB152, Millipore) and c-FOS (sc-52, Millipore) were used. As secondary antibody we used biotinylated anti-rabbit IgG (1:300 DakoCytomation), followed by the incubation with streptavidine-horseradish peroxidase complex (1:1000, DakoCytomation). c-FOS immunoreactivity was visualized using 3,3-diaminobenzidine (0.4 mg/mL, Sigma-Aldrich) and TH immunoreactivity was visualized using Vector SG (SK-4700, Vector Laboratories, CA) as a chromogen.

For fluorescent double or triple stainings, sections were rinsed 3 times in PBS, blocked in PBS-0.1% triton X-100 + 10% donkey serum for 30 min and then incubated overnight in PBS-0.1% triton X-100 + 10% donkey serum with the following antibodies: chicken anti-Red Fluorescent Protein (RFP, 1:1000, Rockland, Cat.N: 600--901-379S), rabbit anti-TH (1:5000, AB152, Millipore) and mouse anti P-S129 α-SYN (1:5000,11A5, Elan Pharmaceuticals). After one rinse and 4 washes of 5 min in PBS-0.1% triton X-100, the sections were incubated in the dark for 2 h in fluorochrome-conjugated secondary antibodies: donkey anti-mouse Alexa 488 (1:500, Molecular Probes, Invitrogen, Belgium), donkey anti-chicken Cy3 and goat anti-mouse Alexa 647 (1:500, Molecular Probes, Invitrogen). After one rinse and four washes of 5 min, the sections were rinsed in PBS and AD and mounted. The sections were coverslipped with mowiol containing DAPI (1:500). Staining was visualized using the Leica DM6 B automated upright microscope and images were taken using the Leica DFC7000 T camera. Fluorescent staining was visualized by confocal microscopy with a Leica Zeiss LSM 880 -- Airyscan (Cell and Tissue Imaging Cluster (CIC), Supported by Hercules AKUL/15/37_GOH1816N and FWO G.0929.15 to Pieter Vanden Berghe, KU Leuven).

Stereological quantification {#Sec9}
----------------------------

The number of TH-positive cells in the SN was determined by stereological measurements using the Optical fractionator method in a computerized system as described before \[[@CR52]\] (StereoInvestigator; MicroBrightField, Magdeburg, Germany). Every fifth section throughout the entire SN was analyzed, with a total of 7 sections for each animal. The coefficient of error calculated according to the procedure of Schmitz and Hof (Schmitz and Hof, 2005), varied between 0.05 and 0.10. For the fluorescent triple stereological quantifications, we performed similar stereological measurements, using the same parameters mentioned above but we made use of the software Stereologer®, SRC Biosciences (Stereology Resource Center, Inc.). We quantified both the injected and non-injected SN (internal control). An investigator blinded to the different groups performed all the analyses. For the analysis of TH loss in the STR we selected every 10th section throughout the entire STR with a total of 7 sections. We used FIJI software to set a threshold equal for all the sections. Threshold was set so that the cortex was zero. The dorsal STR was outlined and we quantified the percentage of positive area, which was set in reference to the non-injected side and represented as % striatal lesion.

Sarkosyl extraction of the insoluble α-SYN fraction {#Sec10}
---------------------------------------------------

Unfixed brains were dissected to isolate the SN and STR from both hemispheres, snap frozen in liquid nitrogen and kept at − 80 °C until extraction was performed. Brain samples were weighed and homogenized at 10% (w/v) in PBS buffer supplemented with phosphatase inhibitor cocktail (PhosSTOP™, Sigma-Aldrich) and protease inhibitors (Roche cOmplete EDTA free). Douncing and sonication (twice for 15 s each, using the following parameters: duty cycle: 30%, output: 2--3 using the BRANSON Sonifier 250) was used to disrupt and homogenize the tissue. Sarkosyl was added to 1%. 250 μl of sample was centrifuged at 6000 *g* for 10 min to remove cell debris. The supernatants (200 μl) were further centrifuged at 200,000 *g* for 60 min at 20 °C in an Optima TLA (120.2) Ultracentrifuge (Beckman). The supernatant was considered the soluble fraction. The pellets were washed with PBS-1% Sarkosyl and resuspended in 200 μl of PBS buffer, considering the insoluble fraction.

Western blot analysis {#Sec11}
---------------------

For western blot analysis, 20 μg of protein for the total and soluble fractions was mixed with a 6x denaturating buffer (50 mM Tris-HCl, pH 6.8, 4% SDS, 2% β-mercaptoethanol, 12% glycerol and 0.01% bromophenol blue). The insoluble fraction was mixed with the denaturating buffer using the same volume for all conditions. Samples were heated to 95 °C for 10 min. Samples were separated using 4--20% Tris-Glycine gradient gels (Bio-Rad). Separated proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad). Proteins were fixed to the PVDF membrane using 0.4% PFA for 20 min, thereafter non-specific binding sites were blocked for 15 min in PBS with 0.1% Triton X-100 (PBS-T) and 5% non-fat milk. After overnight incubation at 4 °C with primary antibodies: rabbit anti-TH (MAB318, Chemicon), mouse anti-vinculin (V9131, sigma), mouse anti-P-S129 α-SYN (11A5, Elan Pharmaceuticals), mouse anti-α-SYN (4B12, Thermo scientific), rabbit anti-synaptophysin (YE269, abcam), rabbit anti-PSD95 (ab18258, abcam) and mouse anti-synaptobrevin (104,211, synaptic systems), membranes were washed 3 times with PBS-T and incubated with horseradish peroxidase-conjugated secondary antibody (either goat anti-mouse or anti-rabbit depending of the primary antibody used (Dako, Glostrup)) for 1 h. After 3 washing steps the proteins were visualized using enhanced chemiluminescence (ECL prime Amersham GE healthcare) and quantified using the software ImageQuant™ TL software (GE Heathcare).

Statistics {#Sec12}
----------

Graph creation and statistical analysis was performed using Graphpad Prism for Windows (GraphPad software Inc.) version 8.0.0. Results are presented as means ± standard deviation. Normality of data was tested using the Shapiro-Wilk test. Statistical significance was assessed using either a T-Test or, when multiple groups were analyzed simultaneously, one-way or two-way ANOVA followed by post-hoc Bonferroni multiple comparison test was used. Significance was represented as follows: \**p* \< 0.05, \*\**p* \< 0.01, \*\*\* *p* \< 0.001 and \*\*\*\**p* \< 0.0001.

Results {#Sec13}
=======

Validation of DREADDs expression and neuronal activity modulation in vivo {#Sec14}
-------------------------------------------------------------------------

In order to modulate neuronal activity in rat nigral DN, we used DREADDs technology \[[@CR47]\]. These modified GPCR receptors are inactive under basal conditions and only activated when the ligand CNO is administered. To express these receptors in vivo we stereotactically injected a recombinant adeno-associated viral vector serotype 2/8 (rAAV2/8) encoding the activating DREADDs (hM3Dq) fused to mCherry under the control of the CamKII promotor in the rat SN. As control, we used an equal dose of a rAAV2/8 vector encoding mCherry (Fig. [1](#Fig1){ref-type="fig"}A). First, we assessed the expression of the hM3Dq receptor throughout the SNpc by colocalization of mCherry and tyrosine hydroxylase (TH), a marker for DN. Fifteen days after injection, the majority (\> 85%) of the nigral DN was efficiently transduced (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Prominent mCherry expression was detected in the cell bodies and axons of the DN in the SN (Fig. [1](#Fig1){ref-type="fig"}B**)**. Next, to validate successful modulation of neuronal activity of the DN in the rat SNpc, we first assessed motor performance. We performed the rotarod test on animals injected with either the rAAV2/8 hM3Dq or the mCherry control vector in basal conditions and after saline or CNO treatment (*n* = 4/group). In basal conditions, we did not observe any differences in the latency to fall between the different groups. Two hours after treatment with CNO or saline, both control groups, mCherry + CNO and hM3Dq + saline improved their performance compared to the first test, probably due to a learning effect. In contrast, the experimental hM3Dq + CNO group did not improve and presented a significantly lower latency to fall compared to the control groups (Fig. [1](#Fig1){ref-type="fig"}C), indicating that neuronal modulation impaired the motor performance. Motor changes after neuromodulation in the dopaminergic system have already been described. Bilateral expression of hM3Dq in the SN DN resulted in hyperactivity \[[@CR53]\]. In our case, we hypothesize that acute asymmetrical dopamine release in the STR provoked the motor deficits. Second, we performed IHC staining for the immediate early gene product cFOS, which is considered a marker for cellular activation \[[@CR54]\]. In the experimental hM3Dq group treated with CNO, we observed a significant increase in the number of cFos-positive nuclei in the SN compared to the saline-treated animals or the mCherry control group (Fig. [1](#Fig1){ref-type="fig"}D). Third, we performed electrophysiological recordings on putative nigral DN of ex vivo brain slices. In basal conditions, the recorded nigral neurons presented a slow (1--5 Hz) regular pacemaking activity typical for DN (Fig. [1](#Fig1){ref-type="fig"}F) \[[@CR55]\]. Administration of CNO to the brain slices resulted in a significant increase (average fold increase from basal condition was 1,73) in firing rate in the hM3Dq group indicating increased neuronal activity. In mCherry control animals, the firing rate remained unaffected (Fig. [1](#Fig1){ref-type="fig"}E,F). Fig. 1Validation of neuronal activity modulation using DREADDs. **a** Schematic view of an activating DREADD (hM3Dq) receptor. **b** rAAV-mediated overexpression of the hM3Dq receptor in dopaminergic nigral neurons assessed by IHC staining. Tyrosine Hydroxylase (TH), and mCherry were used to localize the expression of the transgene in the DN (scale bars = 500 μm (top panel) and 100 μm (bottom panel). **c** Latency to fall from the accelerating rotarod in basal condition and after administration of CNO (1 mg/kg) or saline in rAAV2/8 hM3Dq or rAAV2/8 mCherry vector-injected animals (Mean ± SD, \**p* \< 0.05, \*\**p* \< 0.01 by two-way ANOVA and Bonferroni posthoc test, *n* = 4). **d** Representative image of hM3Dq injected animal treated with CNO and quantification of the cFOS+ nuclei in the different experimental groups (scale bar = 250 μm) (Mean ± SD, \*\*\*\**p* \< 0.0001 by one-way ANOVA and Bonferroni posthoc test, n = 4). **e** Firing frequency of putative DN from animals overexpressing the hM3Dq receptor or mCherry in basal condition and after CNO administration. (*n* = 8 to 11 DNs from at least 5 different animals, two-way ANOVA Bonferroni posthoc test \*\*\**p* \< 0.0005). **f** Representative traces from 6 putative DN (overexpressing mCherry or the hM3Dq-mCherry receptor, in basal condition and post-CNO administration)

Chronic neuronal activity modulation aggravates α-SYN induced behavioral deficits without modifying dopaminergic neuronal loss {#Sec15}
------------------------------------------------------------------------------------------------------------------------------

Next, we studied the effect of chronic synaptic modulation on α-SYN-induced behavioral deficits, neurotoxicity, α-SYN spreading and pathology in a rat model based on rAAV2/7 vector-mediated A53T α-SYN overexpression \[[@CR46]\]. To do this, a group of animals was injected with the rAAV2/7 α-SYN vector combined with the rAAV2/8 hM3Dq vector and treated daily for three weeks with CNO (Fig. [2](#Fig2){ref-type="fig"}A). Both vectors efficiently transduced SN DN (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). As control, we injected two groups of animals unilaterally with the rAAV2/7 α-SYN vector combined with the rAAV2/8 mCherry vector and treated one group with CNO and the other one with saline. In order to follow up motor deficits we subjected the animals to the cylinder test at 1, 2 or 4 weeks post injection (p.i). One should take into account that here the cylinder test was performed 24 h after CNO injection, when CNO is not expected to be active anymore. In all groups, we found a significant progressive decrease of the left paw use, induced by the unilateral overexpression of α-SYN. Four weeks p.i, the motor deficits were more pronounced in the CNO-treated rAAV α-SYN/hM3Dq vector group compared to the CNO-treated rAAV α-SYN/mCherry vector control animals (Fig. [2](#Fig2){ref-type="fig"}B). In order to rule out any non-specific effect of protein overexpression or CNO treatment we also combined rAAV2/7 GFP vector overexpression with the rAAV2/8 hM3Dq vector. No significant changes in behavior nor in weight were observed due to the CNO treatment (Additional file [1](#MOESM1){ref-type="media"}: Figure S2), clearly indicating that the enhanced behavioral deficits were caused by chronic modulation of neuronal activity in the α-SYN-overexpressing neurons. Fig. 2Chronic neuronal activity modulation in the SN aggravates α-SYN induced behavioral deficits without affecting dopaminergic neuronal loss. **a** Schematic representation of experimental set-up. **b** Detection of unilateral motor deficits using the cylinder test at different time points p.i (*n* = 5 to 13, Mean ± SD, two-way ANOVA Bonferroni Multiple Comparison test, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.0001). **c** Representative images of TH staining in the midbrain (scale bar 1 mm) and stereological quantifications of DN in the injected and non-injected SNpc (n = 5 to 6, Mean ± SD, one-way ANOVA Bonferroni Multiple Comparison test, \*\*p \< 0.01). **d** Representative images of TH staining in the striatum (scale bar 2 mm). Striatal volume loss was calculated using FIJI software, in relation to the non-injected side (n = 5 to 6, Mean ± SD, one-way ANOVA Bonferroni Multiple Comparison test, \*p \< 0.05)

Subsequently, we assessed whether chronic neuromodulation also affected neuronal cell loss. IHC analysis revealed a 50% loss of TH+ nigral neurons upon overexpression of α-SYN in all groups, without significant differences after chronic modulation (Fig. [2](#Fig2){ref-type="fig"}C). Further, we determined the loss of TH+ terminals in the striatum. Again, we found no difference in striatal lesion between the rAAV α-SYN/hM3Dq and the rAAV α-SYN/mCherry CNO vector-treated animals (Fig. [2](#Fig2){ref-type="fig"}D). Somewhat unexpectedly, we observed a smaller striatal lesion in both CNO-treated groups, compared to the α-SYN/mCherry saline-treated animals.

Chronic neuronal activity modulation induces changes in α-synucleinopathy in vivo {#Sec16}
---------------------------------------------------------------------------------

Alpha-SYN aggregation is considered an important hallmark of PD pathology. To assess whether chronic neuronal modulation affects α-SYN pathology we stereologically quantified the number of P-S129 α-SYN-positive DN (P-S129 α-SYN) in the SN (Fig. [3](#Fig3){ref-type="fig"}A). We observed no significant difference in the total number of P-S129 α-SYN/TH/mCherry triple positive cells between the activated and non-activated α-SYN overexpressing animals (Fig. [3](#Fig3){ref-type="fig"}B). In addition, we performed P-S129 α-SYN staining in different brain regions to study potential spreading due to the increase in neuronal activity. However, we did not find P-S129 α-SYN deposits in regions outside of the SN and STR. Fig. 3Stereological quantifications of the number of P-S129 α-SYN, mCherry and TH+ cells. **a** Confocal images of triple immunofluorescent staining for P-S129 α-SYN (green), mCherry (red) and TH (purple) in the injected SN at different magnifications (Scale bars = 250 μm upper panel and 50 μm lower and middle panel). **b** Quantifications of P-S129 α-SYN/TH/mCherry triple positive cells. (n = 5--6, Mean ± SD, Unpaired T-test)

To characterize more in detail the effect of neuronal modulation on α-SYN pathology, we performed biochemical analysis of the injected SN as well as the connecting STR. We performed a sarkosyl extraction on the SN and separated the sarkosyl soluble and insoluble fraction. The sarkosyl insoluble fraction consists of aggregated or fibrillar α-SYN, while the soluble fraction contains mostly monomeric or small oligomeric α-SYN species. When analyzing the nigral sarkosyl soluble fractions we observed that chronic neuronal activation (α-SYN /hM3Dq + CNO) did not alter total α-SYN levels or phosphorylated α-SYN levels, resulting in an unaltered P-S129 α-SYN/α-SYN ratio compared to the α-SYN/mCherry controls (Fig. [4](#Fig4){ref-type="fig"} A, B, C and D). When analyzing the sarkosyl insoluble fractions, we observed a trend towards higher levels of total α-SYN and P-S129 α-SYN levels upon chronic stimulation. The P-S129 α-SYN/α-SYN ratio though decreases with stimulation (Fig. [4](#Fig4){ref-type="fig"} E, F, G and H). Fig. 4Effect of chronic neuronal activation on α-SYN localisation and phosphorylation levels. **a** Representative western blot of the nigral sarkosyl soluble fraction. **b** - **d** Quantifications of the nigral soluble fraction either for α-SYN relative to the loading control vinculin (VCL) (**b**), P-S129 α-SYN relative to vinculin (VCL)(**c**) or the P-S129 α-SYN/total-α-SYN ratio (**d**) (*n* = 6, Mean ± SD, Unpaired T-Test). **e** Representative western blot of the nigral sarkosyl insoluble fraction. **f**-**h** Quantifications from the nigral insoluble fractions either for total α-SYN (**f**), P-S129 α-SYN (**g**) or the P-S129 α-SYN/total α-SYN ratio (**h**) (n = 4, Mean ± SD, Unpaired T-Test \*p \< 0.05). **i** Representative western blot of the striatal soluble fraction. **j - l**. Quantifications of the striatal soluble fractions either for α-SYN relative vinculin (VCL)(**j**), P-S129 α-SYN relative to vinculin (VCL)(**k**) or the P-S129 α-SYN/total α-SYN ratio (**l**) (n = 6, Mean ± SD, Unpaired T-Test \*p \< 0.05). **m** Representative western blot of the striatal sarkosyl insoluble fraction. **n** Quantification from the striatal insoluble fraction for total α-SYN. In all graphs the results have been normalized to mCherry/α-SYN+CNO control, which has been artificially set to 1 (n = 4, Mean ± SD, Unpaired T-Test)

Next, we analyzed the connecting STR. Chronic neuronal activation induced a trend towards higher levels of total α-SYN and significantly higher levels of P-S129 α-SYN in the soluble fractions (Fig. [4](#Fig4){ref-type="fig"} I, J and K). Further, we detected a trend toward a higher P-S129 α-SYN/α-SYN ratio (Fig. [4](#Fig4){ref-type="fig"} I, L). Analogously, in the insoluble striatal fractions we observed a trend towards higher levels of total α-SYN in the STR (Fig. [4](#Fig4){ref-type="fig"} M, N). The levels of P-S129 α-SYN were under the detection limit. Overall, these results indicate that neuronal activation can modify α-SYN localization as well as α-SYN phosphorylation. These changes could alter the toxic properties of α-SYN in the cell, or more importantly at the level of the synapse.

Chronic neuronal activation modulates synaptic proteins in the STR {#Sec17}
------------------------------------------------------------------

Based on our biochemistry data, we hypothesized that this increase in total soluble and insoluble α-SYN in the STR might induce synaptic changes accountable for the enhanced motor deficits we observed upon chronic modulation. To test this hypothesis, we analyzed different synaptic proteins (Fig. [5](#Fig5){ref-type="fig"}). We found slightly decreased levels of synaptophysin and significantly increased levels of synaptobrevin (both markers for presynaptic terminals) in the STR upon chronic modulation (Fig. [5](#Fig5){ref-type="fig"} A, B and C). On the contrary, we found no changes in the postsynaptic protein PSD-95 (Fig. [5](#Fig5){ref-type="fig"} A, D), which is present in excitatory synapses co-localizing with DA receptors in tripartite synapses \[[@CR56], [@CR57]\]. Fig. 5Chronic neuronal activation induces changes in synaptic proteins in the striatum. **a** Representative western blots of the total striatal fraction for the presynaptic proteins (synaptophysin and synaptobrevin), the postsynaptic protein (PSD-95) and loading control vinculin (VCL). **b - d** Quantifications of the western blot: Synaptophysin relative to loading control vinculin (VCL) (**b**), Synaptobrevin relative to loading control vinculin (VCL) (**c**) or PSD-95 relative to loading control vinculin (VCL) (**d**). In all graphs the results have been normalized to mCherry/α-SYN + CNO control, which has been artificially set to 1 (n = 6, Mean ± SD, Unpaired T-Test, \*\*p \< 0.01)

Discussion {#Sec18}
==========

In this study, we used DREADDs technology to modulate neuronal activity and assessed the effect in an α-SYN-based model for PD. First, we demonstrated that we could successfully increase neuronal activity in nigral DN via viral vector-mediated overexpression of hM3Dq and CNO administration. Using motor testing, IHC as well as ex vivo electrophysiology we have extensively validated the neuronal activation in DN in vivo.

Next, we applied this technology in our viral vector-based rat model to study the effect on α-SYN pathology and toxicity. Chronic stimulation via optogenetic or chemogenetic techniques has never been used to study α-SYN pathology in the context of PD. We found that chronic neuronal activation aggravated α-SYN-induced motor deficits in vivo. Interestingly, these behavioral changes were not accompanied by increased nigral dopaminergic cell loss nor by changes in the number of phosphorylated nigral neurons (Fig. [3](#Fig3){ref-type="fig"}). Using biochemical techniques, we observed that chronic neuronal activation leads to increased levels of insoluble α-SYN and P-S129 α-SYN in the STR and a reduced ratio of P-S129 α-SYN/total α-SYN in the SN. We therefore conclude that increasing neuronal activity in DN promotes striatal enrichment of the phosphorylated form of α-SYN. Further, we observed changes in synaptophysin and synaptobrevin, two presynaptic markers, but not in postsynaptic protein PSD-95. At this moment we cannot explain why we observe differential effects on these proteins. They both localize in the synaptic terminal and interact with each other in the synaptic vesicles (SV) as well as in the plasma membrane and dissociate during stimulation \[[@CR58]\]. It is uncertain how this interaction works, Gordon et al. propose a role for synaptophysin during SV recycling, retrieving synaptobrevin during SV endocytosis \[[@CR59]\]. The decrease in synaptophysin points to a decrease in synaptic density, its expression has been linked both to DA release as well as to motor performance in a mouse model for PD \[[@CR60], [@CR61]\]. We postulate that a higher α-SYN load at the level of the synapse induces presynaptic alterations, resulting in aggravated motor dysfunction.

Synaptic activity modulation has been applied before in other neurodegenerative diseases. In Alzheimer's disease (AD) several studies have used optogenetic and chemogenetic tools to study the effect on disease pathology and progression. Using diverse approaches they reveal that synaptic modulation can regulate the secretion, the conformation and the spreading of Aβ-plaques and Tau \[[@CR62]--[@CR68]\]. More recently Schultz and colleagues observed extensive Tau spreading toward different brain regions when modulating synaptic activity via DREADDs technology \[[@CR68]\]. In our study, we could observe enrichment of P-S129 α-SYN at terminals in the STR, but no trans-synaptic spreading toward different brain regions in this time frame \[[@CR46]\]. In contrast to α-SYN, rAAV-mediated Tau overexpression results in Tau spreading towards synaptically connected regions. Despite the fact that these proteins are often pooled together and share some traits, it is important to acknowledge the differences in intrinsic properties, which might be responsible for the differences we observe. One approach to enhance spreading in our model is to combine the viral vector approach with recombinant α-SYN fibrils as we pioneered recently \[[@CR3]\].

Chemogenetic tools have been used in other PD models \[[@CR69]--[@CR73]\]. Acute stimulation of cholinergic pedunculopontine neurons has been shown to improve motor deficits \[[@CR74]\]. More recently, Stanojlovic et al. showed cognitive improvement after acute modulation of the orexin neurons in the medial pre-frontal cortex \[[@CR75]\]. DREADDs expression was shown effective in modulating the DA secretion levels in transplanted induced DN \[[@CR70], [@CR73]\]. Whilst others have shown improvement of motor deficits after acute stimulation in transplanted DN, we show that chronic stimulation of nigral DN results in a decline of motor function. Although the experimental set-up is different, our data might be relevant when considering neuronal stimulation as a therapeutic approach. Acute treatment might result in temporary beneficial effects but chronic treatment could induce antagonistic effects. Deep brain stimulation (DBS) is another way of modulating synaptic activity. DBS in the subthalamic nucleus or globus pallidus is performed routinely with remarkable beneficial symptomatic effects for a large number of PD patients. Based on our results, it would be interesting to study the effect of DBS on α-SYN pathology as this might promote α-SYN relocalization.

Of note, during this project we encountered an unexpected effect of the DREADDs technology. Although CNO was considered to be an inert ligand \[[@CR47]\], CNO-treated control animals presented a smaller striatal lesion after α-SYN overexpression (Fig. [2](#Fig2){ref-type="fig"}D). This DREADD-independent CNO effect has also been noticed by Schultz et al. where they suggest a CNO-based neuroprotection in their viral vector-based Tau model \[[@CR68]\]. Remarkably, in another report unrelated to DREADDs technology, Jiang and colleagues evaluate different metabolites of clozapine and highlight the neuroprotective role of CNO through the inhibition of a microglial pathway \[[@CR76]\]. An alternative explanation could be the conversion of CNO to its precursor clozapine, which recently has been shown to be an even stronger activator of the DREADDs receptors \[[@CR77]--[@CR79]\]. Alternatively, clozapine could be used instead of CNO as a DREADDs activator, when applied in subtherapeutic doses. Our findings highlight the importance of including the proper controls when using DREADDs technology.

Conclusion {#Sec19}
==========

In conclusion, our study demonstrates successful chronic stimulation of nigral rat DN using DREADDs technology. We are the first to use this technology to study the effect of neuronal modulation on α-SYN pathology in vivo. We found that chronic neuronal modulation aggravates α-SYN induced motor deficits. In addition, it induces an enrichment of phosphorylated and insoluble α-SYN in dopaminergic striatal terminals, along with changes in synaptic markers. Overall, our data link synaptic activity and α-SYN-induced motor deficits and pathogenesis. Future studies may investigate whether chronic decrease of neuronal activity could inhibit α-SYN spreading in the rodent brain.
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**Additional file 1: Figure S1.** Transduction efficiency of rAAV2/7 α-SYN and rAAV2/8 hM3Dq vector (tagged with mCherry tag) in DN. **Figure S2.** Chronic neuronal activity modulation in rAAV2/7 GFP vector injected animals does not affect motor behavior or TH+ cell numbers. **Figure S3.** Complete and uncropped western blots from Fig. [4](#Fig4){ref-type="fig"}. **Figure S4.** Complete and uncropped western blots from Fig. [5](#Fig5){ref-type="fig"}.
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aCSF

:   Artificial cerebrospinal fluid

AD

:   Alzheimer's disease

CNO

:   Clozapine-N-oxide

DBS

:   Deep brain stimulation

DLB

:   Dementia with Lewy bodies

DREADDs

:   Designer Receptors which are Exclusively Activated by Designer Drugs

eGFP

:   Enhanced green fluorescent protein

GC

:   Genomic copies

GCI

:   Glial cytoplasmic inclusions

GPCRs

:   G-protein coupled receptors

i.p

:   Intraperitoneal

LB

:   Lewy bodies

MSA

:   Multiple system atrophy

MSN

:   Medium spiny neurons

p.i

:   Post injection

PBS

:   Phosphate buffered saline

PD

:   Parkinson's disease

PFA

:   Paraformaldehyde

p-S129 α-SYN

:   Phosphorylation of alpha-synuclein at serine 129

rAAV

:   Recombinant adeno-associated virus

SN

:   Substantia nigra

SNpc

:   Substantia nigra pars compacta

STR

:   Striatum

SV

:   Synaptic vesicles

TH

:   Tyrosine hydroxylase

VCL

:   Vinculin

α-SYN

:   Alpha-synuclein
